Cell polarization occurs along a single axis that is generally determined in response to spatial cues. In budding yeast, the Rsr1 GTPase and its regulators direct the establishment of cell polarity at the proper cortical location in response to cell type-specific cues. Here we use a combination of in vivo and in vitro approaches to understand how Rsr1 polarization is established. We find that Rsr1 associates with itself in a spatially and temporally controlled manner. The homotypic interaction and localization of Rsr1 to the mother-bud neck and to the subsequent division site are dependent on its GDP-GTP exchange factor Bud5. Analyses of rsr1 mutants suggest that Bud5 recruits Rsr1 to these sites and promotes the homodimer formation. Rsr1 also exhibits heterotypic interaction with the Cdc42 GTPase in vivo. We show that the polybasic region of Rsr1 is necessary for the efficient homotypic and heterotypic interactions, selection of a proper growth site, and polarity establishment. Our findings thus suggest that dimerization of GTPases may be an efficient mechanism to set up cellular asymmetry.
INTRODUCTION
In diverse organisms, the small-molecular-weight GTPases function as key signaling molecules in polarity development (Etienne-Manneville, 2004; Raftopoulou and Hall, 2004) . One of the fundamental questions is how these GTPases are locally activated. In the budding yeast Saccharomyces cerevisiae, selection of a cortical site for growth, referred to as bud-site selection, determines the axis of cell polarization. A proper bud site is determined by the Rsr1 GTPase module, which includes the Ras-type GTPase Rsr1 (also known as Bud1), its GDP-GTP exchange factor (GEF) Bud5 and its GTPase-activating protein (GAP) Bud2 (Bender and Pringle, 1989; Bender, 1993; Park et al., 1993) . The Rsr1 GTPase module is thus thought to link spatial landmarks to polarity establishment {see Park and Bi, 2007 and references therein}. Previous studies have identified numerous interactions between RSR1 and genes involved in polarity establishment. Overexpression of RSR1 suppresses the temperature-sensitive growth of the cdc24 and cdc42 mutants that are specifically defective in polarity establishment (Bender and Pringle, 1989; Kozminski et al., 2003) . Rsr1 interacts with the Rho-type GTPase Cdc42 and its exchange factor Cdc24 in a GTP-dependent manner (Zheng et al., 1995; Park et al., 1997; Kozminski et al., 2003) . RSR1 also exhibits a genetic interaction with GIC1 and GIC2 (GTPase interactive components 1 and 2), which encode two closely related proteins that interact with Cdc42. Cells lacking both Gic1 and Gic2 also exhibit temperature-sensitive defects in polarity establishment including perturbed actin cytoskeleton organization (Brown et al., 1997; Chen et al., 1997) . Cells deleted for RSR1, GIC1, and GIC2 cannot undergo bud emergence (Kawasaki et al., 2003) , suggesting a shared role of Rsr1 and Gic1/Gic2 in polarity establishment. Thus, Rsr1 may function not only in guiding Cdc42 or its regulators to the proper growth site, but also in regulating polarity establishment through multiple proteinprotein interactions.
The Rsr1 GTPase cycle appears to be critical for its role in bud-site selection and polarity establishment. Cells deleted for BUD2 or BUD5 bud in a random manner in all cell types Bender, 1993; Park et al., 1993) . Similarly, the RSR1 mutant that encodes either GTP-or GDP-locked Rsr1 exhibits random bud-site selection (Ruggieri et al., 1992) . Overexpression of the wild-type Rsr1, but not the GTP-or GDP-locked Rsr1, can suppress the temperaturesensitive growth of the cdc42 or gic1 gic2 mutant (Kawasaki et al., 2003; Kozminski et al., 2003) . Thus, cycling of Rsr1 between the GTP-and GDP-bound states is important for its role, rather than Rsr1 functioning as a Ras-like on/off switch. However, less is understood about how and when the Rsr1 GTPase cycle is activated.
The two regulators of Rsr1, Bud2 and Bud5, are likely to play a critical role for localized activation of the Rsr1 GTPase cycle. Bud2 and Bud5 localize to the presumptive bud site in G1, but the exact localization patterns of each protein at the later stages of the cell cycle are different. Bud2 localizes to This article was published online ahead of print in MBoC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E10 -03-0232) on July 14, 2010.
the mother-bud neck after bud emergence in the earlier stages of the cell cycle, but de-localizes during M phase (Park et al., 1999) . Bud5 localizes to the bud tip after bud emergence and then to the mother-bud neck as double rings in M phase. These double rings split and become inherited by mother and daughter cells after cell division (Kang et al., 2001; Marston et al., 2001) . These specific localization patterns of Bud2 and Bud5 seem to be important for proper bud-site selection, as mis-localization of these proteins caused by overexpression leads to random budding patterns (Park et al., 1999; Kang et al., 2001) .
Rsr1 is distributed uniformly throughout the plasma membrane, but becomes highly concentrated at the division site and at the sites of polarized growth including the bud tips (Park et al., 2002) . Although this localization pattern of Rsr1 is consistent with its role in bud-site selection and polarity establishment, Rsr1 also becomes concentrated at a single site in randomly budding cells before bud emergence. It is thus not clear which of these sites of Rsr1 localization is related to its function in bud-site selection. It is also not fully understood about how Rsr1 polarization is established. These remaining questions led us to investigate further the localization and the action of Rsr1 during yeast budding. Here we provide in vivo and in vitro evidence for Rsr1 dimerization. Our data suggest that this homotypic interaction of Rsr1 is important for its polarization and its function. Our findings thus support the idea that dimerization of GTPases is an efficient mechanism to achieve cell polarization.
MATERIALS AND METHODS
Standard methods of yeast genetics and recombinant DNA manipulation were used (Guthrie and Fink, 1991; Ausubel et al., 1999) . Yeast cells were grown under standard growth conditions at 30°C unless otherwise indicated. Yeast strains used in this study are listed in Table 1 . Details of plasmid constructions are described in Supplemental Methods, and plasmids used in this study are listed in Supplemental Table 1 .
Fluorescence Microscopy and Bimolecular Fluorescence Complementation
To visualize bud scars for determination of budding patterns, cells were grown at indicated temperatures and then stained with Calcofluor (Pringle, 1991) . Image acquisition for proteins fused to yellow fluorescence protein (YFP) and cyan fluorescence protein (CFP) was carried out essentially as previously described (Kang et al., 2001 ) using a Nikon E800 microscope (Nikon, Tokyo, Japan) fitted with a 100ϫ oil-immersion objective (NA ϭ 1.30), a Uniblitz electronic shutter (Delta Photonics, Ottawa, ON, Canada) , a Prior Z-axis drive (Prior Scientific, Rockland, MA), and a Hamamatsu Orca ER cooled charge-coupled device (Hamamatsu Photonics, Bridgewater, NJ). The Slidebook software (Intelligent Imaging Innovations, Denver, CO) was used to capture a series of optical sections at 0.3-m intervals. Cells were exposed for 1 s and 200 msec for YFP-Rsr1 and Tub1-CFP, respectively. Subsequent processing (including deconvolution) and analyses of all images were performed in the same way using Slidebook software and Photoshop (Adobe Systems, San Jose, CA).
Bimolecular fluorescence complementation (BiFC) assays were performed essentially as previously described (Singh et al., 2008) , except that YFP N (N-terminal fragment of YFP) and YFP C (C-terminal fragment of YFP) fusions were coexpressed in diploid cells, where indicated. The diploid strains were generated by mating two haploid strains, each of which expresses an YFP N or YFP C fusion. YFP N or YFP C was fused to the N terminus of Rsr1 and its mutant forms (see Table 1 and Supplemental Methods). Similarly, the N-and C-terminal fragments, VN and VC, of Venus (a variant of YFP) were fused to the N terminus of Cdc42 (see Table 1 ). To monitor BiFC signals, a single optical section was captured using the YFP filter and by exposing cells to UV for 6 or 8 s as indicated.
Protein Purification and Chemical Cross-Linking
Glutathione S-transferase (GST)-Rsr1 was purified from Escherichia coli as previously described (Park et al., 1997) . For chemical cross-linking, GST-Rsr1 was preloaded with GTP␥S, a nonhydrolyzable GTP analogue, or GDP, and then the GST moiety was cleaved with thrombin as previously described (Kozminski et al., 2003) . The protein concentration of Rsr1 was adjusted to 10 g/ml after removing the GST moiety and incubated with 0.1 mM ethylene glycol-bis(succinic acid N-hydroxysuccinimide ester) (EGS; Sigma-Aldrich, St. Louis, MO), an irreversible cross-linker, at room temperature for 15 min. The reaction was stopped by addition of Tris (100 mM final concentration) and by cooling the reaction mixture on ice for 10 min. The protein mixtures were then boiled for 5 min and subjected to SDS-PAGE, after centrifugation at 10,000 ϫ g for 15 min to remove any aggregates. Rsr1 was detected by immunoblotting using polyclonal antibodies against Rsr1 (a kind gift from A. Bender, Indiana University, Bloomington, IN).
Size-Exclusion Chromatography
The GST moiety of GST-Rsr1, purified from E. coli, was removed after digestion with thrombin as previously described (Kozminski et al., 2003) , before size-exclusion chromatography. Gel filtration columns, Sephacryl S-200 HR (Amersham Pharmacia Biotech, Piscataway, NJ; bed volume: 1.6 ml) were equilibrated with column buffer (20 mM Tris, pH 7.5, 1 mM DTT, 100 mM NaCl) at room temperature. Rsr1 was preloaded with [ 3 H]GTP or [ 3 H]GDP as previously described (Kozminski et al., 2003) and then applied to the column at room temperature at the indicated concentrations. Fractions were collected at a flow rate of one drop/30 s (four drops for the first two fractions and one drop for each fraction thereafter) and then the radioactivity was quantified by scintillation counting.
N-methylanthraniloyl-GTP binding

GTP binding of Rsr1 and Rsr1
K260 -264S (Rsr1 KS ) was tested using N-methylanthraniloyl (mant)-GTP, essentially as previously described (Rojas et al., 2003) with slight modifications as follows. Affinity-purified GST-Rsr1 (ϳ2 M), GST-Rsr1 KS (ϳ3 M), and GST (ϳ3 M) proteins were immobilized on glutathione-agarose beads and then loaded with mantGTP (Molecular Probes, Eugene, OR) using 20-fold molar excess of mantGTP in nucleotide exchange buffer (50 mM Tri-HCl, pH 8.0, 20 mM EDTA, 5 mM DTT). After washing off unbound nucleotides with buffer (50 mM Tri-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , 5 mM DTT), the mantGTP-loaded proteins were eluted from the beads using the elution buffer (50 mM Tri-HCl, pH 8.0, 10 mM reduced glutathione, 1 mM DTT) and then subjected to fluorescence measurement using Cary Eclipse fluorescence spectrophotometer (Varian, Palo Alto, CA). MantGTP was excited at 360 nm, and emission spectra were collected from 400 to 600 nm using the SCAN program, according to the instrument's manual.
In Vitro Binding Assays
Self-association of Rsr1 was determined by in vitro binding assays as previously described (Kozminski et al., 2003) with slight modification. All steps were performed at 4°C or on ice until proteins were eluted for immunoblotting. First, hemagglutinin (HA)-tagged Rsr1 was immunoprecipitated from yeast extract prepared from cells (HPY16) carrying pRS425-HA-RSR1 (pHP582), as previously described (Kozminski et al., 2003) . HA-Rsr1 (on agarose beads) was then incubated with GST-Rsr1 or GST-Rsr1 KS , which was purified from E. coli and preloaded with GTP␥S or GDP for 1 h. After washing with buffer (10 mM Tri-HCl, pH 7.5, 5 mM MgCl 2 , 2 mM DTT, 0.1% Triton, 10% glycerol), HA-Rsr1 and its associated proteins were eluted with Laemmli buffer and then subjected to SDS-PAGE and immunoblotting using polyclonal antibodies against GST (Santa Cruz Biotechnology, Santa Cruz, CA) to detect GST-Rsr1 and GST-Rsr1-7 KS and monoclonal anti-HA antibody (HA.11 from Covance Research Products, Denver, PA) to detect HA-Rsr1.
RESULTS
Rsr1 Associates with Itself and Cdc42 In Vivo
Because we previously found that Rsr1 interacts with another GTPase Cdc42 (Kozminski et al., 2003) , we wondered whether Rsr1's function also involves its homotypic interaction. To determine whether and where the homotypic interaction of Rsr1 occurs in vivo, we used a BiFC assay. This technique allows visualization of protein-protein associations in live cells by monitoring YFP fluorescence, which appears when truncated YFP fragments (YFP N and YFP C ) are brought together by association of two proteins fused to them (Hu et al., 2002) . When YFP N -Rsr1 and YFP C -Rsr1 were coexpressed in haploid ␣ cells and diploid a/␣ cells, the YFP fluorescence was detectable ( Figure 1A , a and b), indicating that Rsr1 associates with itself. The YFP signal appeared as a band at one pole in haploid unbudded cells (50.6%; n ϭ 164) and in diploid unbudded cells (47.5%; n ϭ 183). The YFP signal was sometimes observed at the mother-bud neck in cells with large buds (as shown in the inset, Figure 1Ab ). Occasionally a weaker fluorescence signal was also detected -4 ura3 leu2-3,112 his3 Bender and Pringle (1989) a Strains marked with # are isogenic to HPY210 (Singh et al., 2008) , except as indicated; strains marked with * are isogenic to HPY11 (Park et al., 1993) , except as indicated; and the background of the strains marked with @ is S288C. b The plasmid expressing each Rsr1 fusion or rsr1 mutant in pRS304 or pRS305 (see Supplemental Methods and Supplemental Table 1 ) was integrated into the RSR1 locus of each strain, after digestion with BssHII. c For expression of VN-Cdc42, the PCR fragment was generated using the plasmid pFA6a-HIS3-P RPL7B -VN (Sung and Huh, 2007 ; a gift from W.-K. Huh), using a primer pair of oCDC42UP (5Ј-CGTTATTTATTATACTATTCTATTTTCCTGAGGAGATAGGGAATTCGAGCTCGTTTAAAC-3Ј) and oCDC42R5VN (5Ј-CAGCACCATCACCGACAACAACACACTTTAGCGTTTGCATAGTACCACCAGAACCCTCGATGTTGTGGCGGATC-3Ј). The resulting PCR fragment was directly targeted to the CDC42 locus of DDY1301, resulting VN fused to the N terminus of Cdc42. d For expression of VC-Cdc42, the PCR fragment was generated using the plasmid pFA6a-kanMX6-P RPL7B -VC (Sung and Huh, 2007 ) (a gift from W.-K. Huh), using a primer pair of oCDC42UP (5Ј-CGTTATTTATTATACTATTCTATTTTCCTGAGGAGATAGGGAATTCGAGCTCGTTTAAAC-3Ј) and oCDC42R5VC (5Ј-CAGCACCATCACCGACAACAACACACTTTAGCGTTTGCATAGTACCACCAGAACCCTTGTACAGCTCGTCCATG-3Ј). The resulting PCR fragments were directly targeted to the CDC42 locus of DDY1300, resulting VC fused to the N terminus of Cdc42. e The BUD5 gene was disrupted with pUC18-bud5⌬::URA3, as previously described . The bud5 deletion was confirmed by colony PCR and determining the budding pattern. f rsr1⌬::URA3 was replaced with rsr1⌬::kanMX4 using the PCR products generated from an rsr1⌬::kanMX4 strain (purchased from Open Biosystems, Huntsville, AL) using a primer pair of oBUD1G2 (5Ј-GGTCATCGGTTCGATTCCGGTTGCGTCC-3Ј) and oBUD139 (5Ј-GCGT-TCGTTCTTAACTACGCC-3Ј). g The plasmid pKTUB1-CFP (Bailly et al., 2003 ; a gift from M.-N. Simon) was integrated into the URA3 locus of HPY1612 after digestion with StuI. h The BUD2 gene was disrupted using pUC19-bud2⌬::LEU2, as previously described (Park et al., 1993) . The bud2 deletion was confirmed by colony PCR and determining the budding pattern. i The GIC2 gene was disrupted by using the PCR product generated from a gic2⌬::kanMX4 strain (purchased from Open Biosystems) using a primer pair of oGIC21 (5Ј-CCAGTAAAACGAGACCTGTTGATG-3Ј) and oGIC22 (5Ј-ACGAATGTATGGGATAACGCCAAG-3Ј).
at the periphery of cells (ϳ15%). However, the YFP signal was rarely detected at the tips of small-and medium-sized buds. As a control, when YFP N -Rsr1 was coexpressed with YFP C (which carries only the first amino acid 30 residues of Rsr1), little fluorescence was detectable (Figure 1Ac ).
Because Rsr1 has been shown to interact with Cdc42 by in vitro studies (Kozminski et al., 2003) , we examined by BiFC assays whether such heterotypic GTPase association occurs in vivo. Coexpression of VC-Cdc42 and YFP N -Rsr1 exhibited fluorescence at the sites of polarized growth including incipient bud sites, tips of growing buds and mother-bud neck (Figure 1Ba ). This result thus indicates that Rsr1 associates with Cdc42 in vivo. We wondered whether these homotypic and heterotypic interactions of Rsr1 simply resulted from its enrichment at the sites of polarized growth. However, the Rsr1-Rsr1 bimolecular fluorescent complex was not observed at the vacuolar membrane or at the site of bud emergence where YFP-Rsr1 became enriched (see Figure 3 and Supplemental Figure S3 ; Park et al., 2002) . In addition, a strain coexpressing VN-Cdc42 and VC-Cdc42 exhibited little fluorescence despite similar clustering of Cdc42 at the polarized growth sites (Figure 1Bb ), suggesting that Cdc42 does not associate with itself. Taken together, the BiFC results indicate that Rsr1 interacts with itself and Cdc42 in vivo.
Homotypic Association of Rsr1 Is Likely to Depend on Its GEF Bud5 In Vivo
The appearance of the Rsr1 BiFC signal at a specific site raised the question of whether its self-association might depend on its guanine nucleotide-bound state or its regulator in vivo. To address the question, we performed BiFC assays using the strains expressing YFP N and YFP C fusions Figure 1A . Bars, 5 m. of Rsr1 G12V and Rsr1 K16N , which are expected to be in the GTP-and GDP-locked states in vivo, respectively (Ruggieri et al., 1992) . Little YFP signal was detected in cells coexpressing YFP N and YFP C fusions of Rsr1 G12V (1.6% of unbudded cells; n ϭ 188; Figure 2a ). In contrast, the YFP signal appeared at one pole of the cells coexpressing YFP N -Rsr1 K16N and YFP C -Rsr1 K16N (84% of unbudded cells; n ϭ 183) and remained even after bud emergence ( Figure 2B ), indicating that self-association of Rsr1 K16N is more persistent than that of wild type (see Figure 1A, a and b) . The BiFC signals were sometimes observed at more than one spot in unbudded a/␣ cells, which were likely to reflect the signals from the previous and new division sites. Because these rsr1 mutations do not affect the steady-state level of the protein (Park et al., 1997) , the difference of the fluorescence is unlikely to be caused by the different level of each mutant protein.
Because Rsr1 K16N is expected to be constitutively in the GDP-bound state in vivo, the BiFC signal from YFP NRsr1 K16N and YFP C -Rsr1 K16N is likely to be caused by selfassociation of Rsr1-GDP, which might be initially recruited to the division site by its GEF Bud5. To test whether selfassociation of Rsr1 depends on Bud5, we examined the interaction between YFP N -Rsr1 and YFP C -Rsr1 in a bud5 deletion (bud5⌬) mutant. The BiFC signal was observed in much fewer bud5⌬ cells (7.6% of unbudded cells; n ϭ 160) compared with the wild-type cells, although it was not completely absent (Figure 2c) Figure 2 ). Taken together, these results suggest that Bud5 is necessary for efficient homotypic association of Rsr1 in vivo.
YFP-Rsr1 Is Enriched at the Division Site after Nuclear Separation But Poorly in the Absence of Bud5
YFP-Rsr1 (as well as GFP-Rsr1) localizes to the plasma membrane and becomes enriched at the sites of polarized growth and at the division sites of the newly born G1 cells (Park et al., 2002) . Because the Rsr1-Rsr1 BiFC complex was observed at the division site and the complex formation was dependent on Bud5, we asked whether localization of Rsr1 to the mother-bud neck (which becomes the subsequent division site) also depends on Bud5. We examined localization of YFP-Rsr1 in the cells which express ␣-tubulin (Tub1)-CFP ( Figure 3 ) and analyzed the pixel intensity across the long axis of each cell as shown for a few representative cells in Supplemental Figure S1 . These analyses indicated that Rsr1 concentrated at the mother-bud neck after nuclear separation but before cytokinesis. YFP-Rsr1 was hardly observed at the mother-bud neck in cells before or at anaphase, as indicated with the mitotic spindles shown with Tub1-CFP (compare large-budded cells with long microtubules and with short microtubules, marked with an arrow and an arrowhead, respectively, in Figure 3, a and b) . Almost all postanaphase cells with short microtubules exhibited YFP-Rsr1 localized at the division site (88%; n ϭ 120), whereas Ͻ4% of cells with long mitotic spindles (n ϭ 50) showed enrichment of YFP-Rsr1 at the division site. After subsequent cell division, newly born G1 cells exhibited enrichment of YFP-Rsr1 at the division site. In contrast, YFP-Rsr1 localized poorly to the mother-bud neck in postanaphase bud5⌬ cells (17%; n ϭ 60; Figure 3 , c), although it still localized to the plasma membrane and was also concentrated at the periphery of the growing buds. Localization of YFP-Rsr1 in postanaphase bud2⌬ cells was similar to that in the wild-type cells (70%; n ϭ 60; Figure 3d ). Taken together, these data suggest that Bud5 is necessary for efficient localization of Rsr1 to the mother-bud neck and to the subsequent division site.
Rsr1 Forms a Homodimer in Vitro
Because mammalian Ras and Rho GTPases can form dimers and oligomers (Zhang and Zheng, 1998; Inouye et al., 2000) , we wondered whether homotypic association of Rsr1 detected by BiFC indicates its direct interaction. We thus tested whether Rsr1, purified from bacteria, can form oligomers in vitro by SDS-PAGE after chemical cross-linking (see Materials and Methods). When Rsr1 was treated with an irreversible cross-linker, a slower migrating band of the predicted dimer size (ϳ62 kDa) appeared with Rsr1 preloaded with GTP␥S or GDP (and even with Rsr1 not preloaded with any nucleotides), but not with the mock-treated control ( Figure 4A ).
To gain further insight into the oligomerization process, we next analyzed Rsr1 protein by size exclusion chromatography after preloading with [ 3 H]GTP or [ 3 H]GDP. Both nucleotide-bound states of Rsr1 spontaneously formed dimers in solution ( Figure 4B , fraction 14 -16). The homodimer formation was slightly affected by the guanine nucleotidebound state of Rsr1-[ 3 H]GDP-Rsr1 being more efficient than [
3 H]GTP-Rsr1-based on the gel filtration results. When the fractions containing most of the Rsr1 dimers were passed through the column again after dilution, Rsr1 ran in the monomer fractions (data not shown). In addition, when Rsr1 was analyzed at various protein concentrations using a similar size exclusion chromatography column, Rsr1 dimerization was more favorable at a higher protein concentration ( Figure 4C ). Even at the highest protein concentration tested (0.2 mg/ml), Rsr1 appeared as a uniform dimer but not in a higher oligomeric state. Taken together, these data indicate that Rsr1 forms a homodimer in vitro and that Rsr1 dimerization is reversible and concentration-dependent.
An intact Polybasic Region of Rsr1 Is Required for Efficient Homotypic and Heterotypic Interactions
To address the functional significance of the homotypic interaction of Rsr1, we attempted to identify an Rsr1 mutant that is specifically defective in self-association. A number of Ras and Rho GTPases contain a polybasic region (PBR) near the C terminus, which mediates diverse functions of these small GTPases (Williams, 2003) . Because the PBR is shown to be involved in oligomerization of the Rac1 GTPase (Zhang et al., 2001) , we used Rsr1-7 K260 -264S (denoted by Rsr1 KS ), in which five Lys residues (a.a. 260 -264) in the PBR were mutated to Ser (Park et al., 2002; see Figure 6A ). We first monitored whether GTP or GDP binding of Rsr1 was affected by this mutation using the fluorescent GTP or GDP analog, mant-GTP or mant-GDP. The Rsr1 KS mutant protein appeared to be stable and was not defective in binding to mant-GTP, compared with wild type ( Figure 5A ; Supplemental Figure S2 ).
We then tested in two different ways whether the rsr1-7 mutation affects homotypic interaction of Rsr1. First, we carried out in vitro-binding assays using purified GST-Rsr1 or GST-Rsr1 KS (preloaded with GTP␥S or GDP) and HARsr1 immunoprecipitated from yeast extract (see Materials and Methods). Consistent with our BiFC results, GST-Rsr1 associated with HA-Rsr1 ( Figure 5B ). In contrast, little GSTRsr1 KS was recovered with HA-Rsr1, indicating that the PBD mutation disrupts the self-association of Rsr1 ( Figure 5B) .
Next, to determine how the PBR mutation affects the homotypic interaction of Rsr1 in vivo, BiFC assays were carried out in a strain expressing the YFP N and YFP C fusions of Rsr1 KS from its chromosomal locus. Surprisingly, the formation of the Rsr1 KS bimolecular fluorescent complex was dependent on growth temperature. YFP fluorescence was barely detectable when cells coexpressing YFP N -Rsr1 KS and YFP C -Rsr1 KS were grown at 30°C: Cells even with faint YFP signals were Ͻ10% of unbudded cells (n ϭ 298; Figure  5Cb ). In contrast, ϳ36% of unbudded cells (n ϭ 337) exhibited the concentrated BiFC signal at 25°C ( Figure 5C, a) , although the signal was weaker than that in wild-type cells. Pixel intensity of many unbudded cells was compared, and representative cells marked with arrows (in Figure 5C and Figure 1Ab ) are shown in Figure 5D . In the strain coexpressing YFP N -Rsr1 and YFP C -Rsr1 KS , almost no BiFC signals were detectable at 25°C (Ͻ 2%; n ϭ 160) and 30°C (1.7%; n ϭ 60; Figure 5C, c and d) , consistent with the in vitro-binding results (see Figure 5B ). Because the fluorescence intensity of YFP-Rsr1 fusions and the level of the proteins were about the same when cells were grown at 25 and 30°C (Supplemental Figures S2 and S3) , the stronger BiFC signal suggests more efficient homotypic interaction of Rsr1 KS at 25°C than at 30°C. Taken together, these results suggest that the intact PBR of Rsr1 is necessary for its homotypic interaction, and that Rsr1
KS is partially functional in vivo for the homotypic interaction.
We took a similar approach to test whether the PBR is also important for the heterotypic association of Rsr1 with Cdc42. When YFP N -Rsr1 KS and VC-Cdc42 were coexpressed from their chromosomal loci, the bimolecular fluorescent complex formation greatly diminished at 30°C, compared with the case of YFP N -Rsr1 and VC-Cdc42 complex ( Figure  1Bc) , suggesting that the PBR of Rsr1 is also important for the heterotypic interaction.
The PBR of Rsr1 Is Necessary for Bud-Site Selection
Because in vitro interaction and in vivo BiFC assays suggested that Rsr1-7 KS did not efficiently self-associate, we asked how the rsr1 mutations in the PBR affect Rsr1's function in bud-site selection and polarity establishment. First, we examined the budding pattern of the rsr1-7 mutant. The rsr1-7 mutant exhibited mostly a random budding pattern at 30 and 37°C, similar to rsr1⌬ cells, whereas it exhibited an axial budding pattern at 25°C ( Figure 6B ). Thus the rsr1-7 mutant is defective in bud-site selection in a temperaturedependent manner.
We wondered whether the rsr1-7 mutation resulted in a gross structural alteration, leading to a completely nonfunctional protein, despite its ability to bind GTP/GDP. We thus carried out additional tests to confirm that rsr1-7 encodes a functional protein that maintains its ability to interact with its GEF Bud5 and a downstream effector Cdc24. To test whether the Rsr1-7 KS protein was defective in interaction with Bud5 or Cdc24, we combined the rsr1-7 mutation with the dominant mutations RSR1 K16N or RSR1 G12V . Expression of RSR1 K16N in a wild-type strain leads to random bud-site selection, presumably because the GDP-locked Rsr1 binds Bud5 but cannot be converted to the GTP-bound state (Ruggieri et al., 1992) . Expression of RSR1 G12V also results in random bud-site selection. This is likely because the GTPlocked Rsr1 binds constitutively to the polarity proteins including Cdc24, so that these proteins cannot be targeted to a proper bud site (Ruggieri et al., 1992; Benton et al., 1993; Park et al., 1997) .
Expression of the double mutant RSR1 G12V, KS or RSR1 K16N, KS from a multicopy plasmid caused random bud-site selection in wild-type strain, as did the single mutant RSR1 G12V or RSR1 K16N at both 30 and 37°C ( Figure 6C ). These results support the idea that the rsr1-7 mutation does not interfere with the interaction between Rsr1-GTP and Cdc24 (see below). In addition, these data suggest that the rsr1-7 mutation does not affect the interaction between Rsr1-GDP and Bud5. Therefore, the rsr1-7 mutant seems to encode a functional Rsr1 but with a specific defect in the homotypic and heterotypic GTPase interactions.
Because the rsr1-7 mutant was also defective in polarity establishment (see below), we wanted to obtain the separation-of-function alleles of RSR1. We thus examined two additional PBR mutants, rsr1-8 and rsr1-9, which carry substitutions of the first and the last two Lys residues to Ser, respectively ( Figure 6A ). Both rsr1-8 and rsr1-9 mutants exhibited the axial budding pattern at 25 and 30°C, but not at 37°C, although the defect at 37°C was less severe than that of rsr1-7 ( Figure 6B ). These Rsr1 mutant proteins, except Rsr1-9, were present at a level about equal to that of the wild-type protein at all temperatures tested (Supplemental Figure S2 ). These data thus suggest that the intact PBR of Rsr1 is necessary for proper bud-site selection.
The PBR of Rsr1 Is Involved in Polarity Establishment
Rsr1 has also been implicated in polarity establishment, and this role of Rsr1 becomes evident in cells with compromised polarity establishment including the cdc42-118 or gic1⌬ gic2⌬ double mutants (Kawasaki et al., 2003; Kozminski et al., 2003) . Because a multicopy plasmid carrying the wild-type RSR1 can suppress temperature-sensitive growth of cdc42-118 and gic1⌬ gic2⌬, we utilized these mutants to determine how the rsr1 PBR mutations affect polarity establishment. When the gic1⌬ gic2⌬ mutant was transformed with a multicopy plasmid expressing RSR1 or rsr1 mutants, the rsr1-7 plasmid could not suppress the gic1⌬ gic2⌬ mutant at 37°C, whereas the rsr1-8 and rsr1-9 plasmids were only slightly less efficient than wild type in suppression of gic1⌬ gic2⌬ ( Figure 7A, top panel) . Similarly, the rsr1-7 plasmid poorly suppressed cdc42-118 (Kozminski et al., 2003) , whereas the rsr1-8 and rsr1-9 plasmid were able to suppress cdc42-118 at 37°C ( Figure 7A, middle panel) . In contrast, all of the PBR mutant plasmids were able to suppress the temperaturesensitive growth of cdc24-4 equally as well as the wild-type RSR1 plasmid ( Figure 7A , bottom panel; see also Figure 6C ), suggesting that rsr1-7 is specifically defective at a step involving the function of CDC42 or GIC1/GIC2 during polarity establishment.
Because the rsr1-7 mutant exhibited a temperature-sensitive defect in bud-site selection, we wondered whether Rsr1-7 is functional in polarity establishment at a lower temperature. We thus carried out a genetic test to characterize the rsr1-7 allele in another strain background. The phenotype of gic1⌬ gic2⌬ is less severe in this strain background, so that the double mutant grows up to 36°C, whereas cells deleted for RSR1, GIC1, and GIC2 cannot undergo bud emergence (Kawasaki et al., 2003) . The rsr1-7 allele was introduced into the RSR1 locus in the gic1⌬ gic2⌬ rsr1⌬ mutant, which was kept alive with the GIC1 plasmid carrying the URA3 marker. When these cells were streaked on plates containing 5-FOA (5-fluoroorotic acid) to select Ura Ϫ cells, the rsr1-7 gic1⌬ gic2⌬ mutant grew as well as wild type or gic1⌬ gic2⌬ at 25°C, whereas rsr1⌬ gic1⌬ gic2⌬ could not grow as expected ( Figure 7B ). In contrast, the rsr1-7 gic1⌬ gic2⌬ mutant grew much more slowly than wild type or gic1⌬ gic2⌬ at 33°C and barely grew at 36°C except for some spontaneous suppressors ( Figure 7B ), indicating that rsr1-7 exhibits a temperature-dependent defect in polarity establishment in the absence of GIC1 and GIC2. Taken together, these results indicate that the PBR of Rsr1 is necessary for polarity establishment in cells with compromised Cdc42 or Gic1/Gic2 function.
DISCUSSION
Several GTPases including Ras, Rho, and Arf form dimers and oligomers (Zhang and Zheng, 1998; Inouye et al., 2000; Zhang et al., 2001; Beck et al., 2008) , although the physiological significance of GTPase oligomerization is not fully understood. In this study, we found by in vitro and in vivo assays that Rsr1 forms a homodimer. This homotypic interaction of Rsr1 is unlikely to be a simple consequence of the K260 -264S (Rsr1 KS ) binds mantGTP as efficiently as wild type. Purified GST-Rsr1 (ϳ2 M; green line) and GSTRsr1 KS (ϳ3 M; blue line) were used to test mantGTP binding. The amount of wild-type and Rsr1
KS mutant proteins used for mant-GTP binding was estimated by Coomassie blue staining (as shown in inset) with the BSA standards. Rsr1 KS runs slightly faster than wild type in a protein gel, and a slower migrating band presumably corresponds to nascent protein with unmodified CaaX box. GST (ϳ3 M; orange line) was used to detect background fluorescence. MantGTP was excited at 360 nm, and emission spectra were collected from 400 to 600 nm. (B) HA-Rsr1 interacts with GST-Rsr1 but not with GST-Rsr1 KS in vitro. HA-Rsr1, immunoprecipitated from yeast extract, was incubated with purified GST-Rsr1 or GST-Rsr1 KS , preloaded with GTP␥S or GDP. GST-Rsr1 or GST-Rsr1 KS was detected with polyclonal antibodies against GST (top panel); and HA-Rsr1 was detected with a mAb against HA epitope (bottom panel). Purified GST-Rsr1 and GST-Rsr1 Figure 1Ab and Figure 5C , a and b.
enrichment of Rsr1, because it was not observed at other sites where Rsr1 became concentrated during polarized growth. Despite similar localization patterns and clustering of Rsr1 and Cdc42 (Park et al., 2002; Richman et al., 2002) , we also did not observe homodimerization of Cdc42 by both BiFC and gel filtration methods (this study; data not shown). The BiFC assays allowed the visualization of the homotypic interaction of Rsr1 and the heterotypic interaction of Rsr1 with Cdc42 in vivo. The Rsr1-Rsr1 bimolecular fluorescent complex was observed mainly at the cell division site. These static images suggest that the homotypic interaction of Rsr1 is transient and reversible, unlike that of Rsr1 K16N , which exhibits more persistent BiFC signal even after bud emergence. An alternative possibility is that the Rsr1 bimolecular fluorescent complex is unstable. However, because the steady-state levels of Rsr1 and Rsr1 K16N are about the same (Park et al., 1997 ; data not shown), protein stability cannot explain the difference between the bimolecular fluorescent complexes of Rsr1 and Rsr1 K16N . Instead, Rsr1 K16N , which cannot be converted to the GTP-bound state, may remain continuously self-associated once the dimer is formed at the division site. Thus, despite the potential caveats of the BiFC approach (see below), our results suggest the transient nature of the Rsr1 bimolecular fluorescent complex.
A potential caveat of the BiFC approach is that formation of the bimolecular fluorescent complex might be irreversible as seen in vitro and under some in vivo conditions (Hu et al., 2002; Kerppola, 2008) . However, spatial and temporal formation of a bimolecular fluorescent complex has been observed in several other cases (Schmidt et al., 2003; Blondel et al., 2005; Guo et al., 2005; Cole et al., 2007; Sung and Huh, 2007) , suggesting that the reversibility of a bimolecular fluorescent complex is dependent on the cellular context or the stability of the complex. The BiFC signal of the Rsr1 bimolecular fluorescent complex was mainly observed during late M and early G1 phases of the cell cycle in the cells, which coexpress YFP N -Rsr1 and YFP C -Rsr1 at the endoge- KS represent the RSR1 plasmids carrying the K260-264S mutation (rsr1-7 KS ) as well as each dominant mutation. Three independent transformants of each plasmid were grown overnight in SD-URA media at 30 or 37°C, and their budding patterns were determined after Calcofluor staining. About 300 cells of each sample were counted twice and the mean (%) is shown; axial (gray bar), bipolar (black bar), and random (blue bar) pattern. The rsr1-7 allele expressed from the RSR1 locus can rescue the lethality of rsr1⌬ gic1⌬ gic2⌬ at 25 but not at 36°C. All strains are isogenic to HPY210: (1) wild type (HPY210); (2) rsr1-7 gic1⌬ gic2⌬ (HPY1609); (3) RSR1 gic1⌬ gic2⌬ (YKT342); and (4) rsr1⌬ gic1⌬ gic2⌬ (YKT401) carrying pKT1276 [GIC1, URA3, CEN] plasmid. Each strain was streaked on SC plates containing 5-FOA and incubated at 25, 33, and 36°C for 3 d. nous level. This timing coincides with enrichment of Rsr1 and the localization of its GEF Bud5 and the cell typespecific landmarks including Bud3 and Bud4 to the motherbud neck (Park and Bi, 2007) . However, the exact timing of the homotypic interaction in the cell remains unknown because it is not known how fast fluorophore maturation occurs once YFP N -Rsr1 and YFP C -Rsr1 associate with each other. We thus cannot completely rule out the possibility that the homotypic interaction of Rsr1 occurs overall plasma membrane, but the bimolecular fluorescent complex may not be easily detectable until it becomes enriched at the division site.
Localization of both YFP-Rsr1 and the Rsr1 bimolecular fluorescent complex to the division site are similarly dependent on Bud5, suggesting that Bud5 plays a critical role in recruiting Rsr1 to the division site. This conclusion is supported by the analyses of the dominant RSR1 mutants that are expected to encode the Rsr1 mutant protein locked in either the GTP-or GDP-bound state. A much higher percentage of cells showed the BiFC signal at the division sites when Rsr1 K16N was expressed, whereas cells expressing Rsr1 G12V failed to show such homotypic interaction. Consistent with these results, we previously found that YFP-Rsr1 and YFP-Rsr1 K16N localized to the division site in newly born G1 cells, whereas YFP-Rsr1 G12V did not show such discrete enrichment at the division site (Park et al., 2002) . Interestingly, the BiFC signal was largely lacking when Rsr1 (and Rsr1 K16N ) was examined in bud5⌬ cells (in which Rsr1 is expected to be mostly in the GDP-bound state because of the lack of its GEF Bud5). These apparently counterintuitive observations can be explained by the physical requirement of Bud5, rather than its GEF activity, for the recruitment of Rsr1 to the division site. Rsr1 K16N is expected to strongly interact with Bud5, whereas Rsr1 G12V does not. Similarly, it is thought that the dominant-inhibitory Ras mutants bind more tightly to Ras GEFs than does the wild-type Ras and thus prevent activation of endogenous Ras (Feig, 1999) .
Consistent with its role in recruitment of Rsr1 to the mother-bud neck and the division site, Bud5 localizes to these sites (Kang et al., 2001; Marston et al., 2001 ) by interacting with cell type-specific landmarks such as Axl2 and Bud9 (Kang et al., 2001; Krappmann et al., 2007) . It remains unknown, however, whether Bud5 functions only in the initial recruitment of Rsr1 or whether Bud5 is also directly involved in Rsr1 dimerization. Although the Bud5 GEF activity is not necessary for the homotypic interaction for Rsr1, it is essential for a subsequent step in bud-site selection. Despite efficient dimerization of Rsr1 K16N , expression of Rsr1 K16N (and Rsr1 G12V ) cannot rescue the bud-site selection defect of an rsr1⌬ mutant (Ruggieri et al., 1992) nor suppress the polarity defect of cdc42-118, unlike the wild-type RSR1 (Kozminski et al., 2003) . It is thus likely that transient, reversible homotypic interaction of Rsr1 is critical for its function. The GEF-dependent recruitment and homotypic interaction of Rsr1 suggest that Rsr1 needs to maintain the ability to pass through its GDP-bound state to carry out its role, consistent with previous findings (Ruggieri et al., 1992; Park et al., 1993; Park et al., 1997) .
Although Rsr1 G12V exhibited little homotypic interaction in vivo as discussed above, in vitro studies revealed the nucleotide-independent self-association of Rsr1 (see Figures  4, A and B, and 5B). This apparently contradictory observation is likely due to the in vitro conditions in which Rsr1 was the only protein present, and it was also at a relatively higher concentration than in vivo. It appears that the Rsr1 homotypic interaction is different from those between a GTPase and its typical downstream effectors such as Cdc24, which specifically interacts with Rsr1-GTP (Zheng et al., 1995; Park et al., 1997) . These observations suggest that the Rsr1 homotypic interaction is unlikely to involve the region of Rsr1 that undergoes drastic conformational change upon its conversion to the GTP-bound state. Consistent with this idea, we found that the PBR of Rsr1 is important for its homotypic and heterotypic interactions (this study), whereas the Ras-like effector domain of Rsr1 is involved in interaction with Cdc24 (Park et al., 1997) .
The PBR of GTPases has been shown to be involved in interaction with acidic phospholipids of the plasma membrane, as in the case of the Rho1 GTPase in budding yeast (Yoshida et al., 2009) . Rho1 is targeted to the division site by two different mechanisms-a GEF-dependent mechanism operating during anaphase and another PBR-dependent mechanism during cell separation and abscission (Yoshida et al., 2009 ). In the case of Rsr1, its recruitment to the division site occurs after anaphase and requires both its GEF Bud5 and its PBR (this study). Because recombinant Rsr1 purified from bacteria could form dimers in vitro, its geranylgeranylation at the C terminus and its membrane association is not essential for the homotypic interaction, although these factors may contribute to these interactions in vivo to minor extent.
The phenotypes of the rsr1 PBR mutants suggest that the intact PBR is necessary for bud-site selection and polarity establishment. The rsr1-7 KS mutant, which was defective in the formation of bimolecular fluorescent complexes with itself and with Cdc42, exhibited defects in both bud-site selection and polarity establishment (Park et al., 2002; Kozminski et al., 2003; this study) . We thus suggest that the Rsr1 PBR is involved in both GTPase interactions, although the interface residues in the Rsr1 homodimer or Rsr1-Cdc42 heterodimer remain unknown. However, GFP-Rsr1 KS also showed reduced membrane association (Park et al., 2002) . Further studies are thus necessary to clearly resolve the issue of whether the defect in bud-site selection or in polarity establishment is due to the reduced association of Rsr1 KS with itself, Cdc42 or membrane, although these may not be separable functions of Rsr1. Interestingly, genetic data suggest that Rsr1 KS maintains its interaction with Cdc24 or Bud5. The role of Rsr1 in polarity establishment is thus likely to be specific to the step at which Cdc42 or the Cdc42 targets Gic1/Gic2 function.
This study uncovers the GEF-dependent recruitment of Rsr1 to the division site and the homotypic and heterotypic interactions of Rsr1 during yeast budding. The homotypic interaction of Rsr1 and subsequent heterotypic interaction of Rsr1 with Cdc42 may contribute to efficient polarization of Rsr1 and Cdc42. In response to a spatial landmark, Bud5 may recruit Rsr1 monomers to a single spot on the plasma membrane and may promote Rsr1 dimerization. We postulate that Rsr1 dimerization may facilitate the polarization of Rsr1 at the division site perhaps by counteracting lateral diffusion or internalization from the site. Although the details of the mechanism remain unknown, dimerization of GTPases may provide an efficient mechanism to set up cellular asymmetry.
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